Until recently, most researchers believed syntactic ambiguity, the reduced relative clause ambiguity, depends upon the availthat how readers and listeners resolved an ambiguity between two possible meanings of ability of the competing lexical alternatives of a morphologically ambiguous word. a word was quite different from how they resolved an ambiguity between two possible Even though serial and parallel models have been proposed for syntactic ambiguity resoluinterpretations of a phrase. This view has been challenged by constraint-based lexi-tion (e.g., Crain & Steedman, 1985; Frazier, 1987) , most prior work has been guided by calist models of sentence comprehension, which argue that local syntactic ambiguity serial models that use a limited amount of structural information and decision principles resolution is derived from lexical ambiguity resolution (e.g., MacDonald, Pearlmutter, & to eliminate ambiguity (e.g., Frazier & Fodor, 1978; Frazier & Rayner, 1982; Frazier, 1987 , Seidenberg, 1994a Trueswell, Tanenhaus, & Garnsey, 1994; Trueswell & Tanenhaus, 1989) . In contrast, recent constraint-based lexicalist models have proposed that syntactic 1994). This article presents critical experimental evidence in support of this view by ambiguities are resolved in a way similar to lexical ambiguities. This framework takes an showing that the resolution of a traditional interactive or constraint-satisfaction approach to ambiguity resolution (Marslen-Wilson & This work was partially funded by the University of Tyler, 1987; McClelland, 1987) , 1994) . The information computed Taken together, these studies indicate that the time course with which context affects ambiwhen a word is recognized is used to define the set of syntactic and semantic possibilities guity resolution is in part determined by the initial availability of the alternative lexical as well as provide many of the constraints relevant for evaluating possible interpreta-forms.
1
The constraint-based lexicalist approach tions. Thus, the information computed during word recognition supplies the temporary par-predicts similar effects for syntactic ambiguity resolution (see Burgess & Hollbach, 1988 ; allelism needed to make available the alternatives over which constraints can apply. MacDonald et al., 1994a; . Within this framework, the recognition This approach makes the prediction that many of the effects reported for lexical ambi-of a word in context also includes the computation of information concerning the type of guity resolution, in particular effects of context and lexical frequency, should also occur argument structures within which the word can appear. If this representation is ambiguin syntactic ambiguity resolution. Most prior research on lexical ambiguity has tended to ous, multiple forms may be computed in parallel. The availability of the alternative forms support a parallel access model of meaning resolution, in which multiple meanings of an of a word should be determined in part by relative frequency, with more frequent alterambiguous word are computed in parallel, with contextual information ''selecting'' an natives being computed more rapidly. Crucially, this predicts that the effectiveness of alternative (e.g., Swinney, 1979; Tanenhaus, Leiman, & Seidenberg, 1979) . Subsequent re-a syntactically relevant contextual constraint should depend upon the frequency of the lexisearch has revealed that the relative frequency of the alternative meanings is also important cal form it biases.
Consider how these predictions apply to the to the resolution process (e.g., Simpson & Burgess, 1985) . These studies have found that relative clause/main clause ambiguity, which is the ambiguity used in the present experithe frequency of the different meanings of an ambiguous word affects the time course with ments. which they become available for consider-1. The thief searched. . . . ation, with dominant meanings being computed more rapidly. Moreover, it has been Fragments like Example 1 are ambiguous because the same morphological marker is used found that both context and frequency contribute to the resolution process (e.g., Duffy, Mor-for the past tense and passive participle forms of most English verbs. A fragment beginning ris, & Rayner, 1988; Tabossi, Columbo, & Job, 1987; Tabossi & Zardon, 1993) . The eye-with a noun followed by a verb / ''ed'' is often ambiguous between the start of a main movement research of Duffy, Rayner, and colleagues has found that when reading an am-clause (e.g., ''The thief searched the room'') and the start of a relative clause (e.g., ''The biguous word with two equiprobable meanings, reading times are longer when the prior thief searched by the police was . . .''). Thus, context is neutral or weakly biasing, compared to when the context strongly biases one mean- 1 The issue of selective access is not discussed here ing. In addition, when the context of an ambig-(see Simpson & Krueger, 1991, and Tabossi & Zardon, uous word biases the subordinate (less fre-1993, for recent reviews). Some of the more compelling evidence on this issue comes from studies showing that quent) meaning of the word, reading times are the consideration of multiple meanings is not exhaustive longer on and after the word, compared to when context strongly biases the dominant meaning of sentences in which the context biases a word an ambiguous word (Tabossi, 1988; Tabossi & Zardon, with two equiprobable meanings (see also 1993). In general, these models of ambiguity resolution Rayner, Pacht, & Duffy, 1994; Rayner & Fra-recognize that both context and meaning frequency play a role in the resolution process. zier, 1989; Sereno, Pacht, & Rayner, 1992) . these verb forms have different information might expect to find earlier effects of context for verbs like ''accused'' than verbs like structures associated with them. For the past tense, the fragment is a main clause with the ''searched'' in the ambiguous environment of a reduced relative.
2 preceding noun phrase being the subject of the verb. The entity denoted by the noun Thus, the constraint-based lexicalist approach makes specific predictions for the resophrase plays the role of Agent in the event denoted by the verb (i.e., the thief is doing lution of the relative clause ambiguity. First, consistent with constraint-satisfaction systems the searching). For the passive participle, the verb is the start of a reduced relative clause in general, it is predicted that syntactically relevant contextual information will act as a and the noun phrase is the logical object of the verb. In this case, the entity denoted by rapid constraint on the resolution of the reduced relative. Second, the lexicalist approach the noun plays the role of Patient or Theme (i.e., the thief is being searched).
predicts that this contextual information will be more effective for verbs with high particiThe processing of the ambiguous verb (e.g., ''searched'') provides partial activation for ple frequency.
There are now several experiments demboth the past tense and participle forms of the verb. These alternatives will also activate onstrating that syntactically relevant contextual information can have rapid effects on corresponding argument structures consistent with the syntactic context (in this case the the resolution of the relative clause ambiguity (e.g., ; main clause and relative clause). The activation of this information should be determined Ni & Crain, 1990; Pearlmutter & MacDonald, 1992 ; Spivey-Knowlton, Trueswell, & by how often the system has computed this information. Thus, there are two different Trueswell & Tanenhaus, 1991 ; Tabossi et types of frequency information that are predicted to play a role in this ambiguity. One is al., 1994). In particular, consider the effects reported in which are the overall frequency of the relative clause directly relevant to the present research. The and main clause structures. This would result results of two eye-tracking experiments in an overwhelming bias for the main clause demonstrated that local semantic constraints since a noun phrase followed by a verb / ''ed'' can have immediate effects on the prois almost always a main clause structure (Becessing of ambiguous reduced relative ver, 1970, captured Plaut, McClelland, Seidenberg & Patterson, 1996; Seidenberg & McClelland, 1989) . frequently used as a participle form. So, one b. The room searched by the police was tive clause. The Spivey-Knowlton et al. data however came from a sentence completion quite unpleasant. task, which combines the tasks of comprehenReduced relative clauses were preceded either sion and production. Thus, it is difficult to by a noun that was a good Agent of the verb determine whether the frequency effects are (e.g., 2a) or by a noun that was a poor Agent due to sentence comprehension mechanisms of the verb (e.g., 2b). Only reduced relatives or sentence production mechanisms. preceded by good Agents showed clear signs Finally, I have recently found additional of processing difficulty compared to unambig-suggestive evidence for participle frequency uous unreduced relative controls (e.g., ''The effects in relative clauses. A set of regression thief who was searched . . .''). In addition, analyses, described here, was conducted on subanalyses on the items from the poor Agent the eye-tracking data reported in Trueswell et condition revealed that what little processing al. (1994) . In the new analysis, first pass readdifficulty readers had with these items corre-ing times for items from the poor Agent condisponded to the semantic fit of the individual tion (e.g., Example 2b) were paired with each noun/verb combinations-processing diffi-verb's participle frequency, as it appears in culty for these items partially correlated with the Francis and Kucera (1982) word frequency ratings of how good the noun was as the counts. If frequency matters, one would exTheme of the verb (e.g., how likely it is for pect that semantic constraints would be more a room to be searched).
effective for verbs with high participle freThere is, however, only suggestive evi-quency. For each region, the reading times for dence indicating that contextual effects like the unreduced sentences were first entered into the ones described above depend upon the fre-the regression to predict the reading times for quency of the participle form. In particular, the corresponding sentences with reduced relMacDonald et al. (1994a) presented a meta-atives. Then, the log of the participle freanalysis of the results of several studies in quency was entered into the regression to dethe literature that had used relative clauses. termine the extent to which it accounted for Ambiguous verbs used in studies that found the remaining variance. The pattern was simirapid effects of context had significantly lar for the two experiments. In Experiment higher participle frequency counts than am-1, a nonsignificant negative correlation with biguous verbs used in studies that found de-participle frequency was found at the ambigulayed or no effects of contextual constraint. ous verb (R Å 0.47, F(1,13) Å 3.67, p õ .1). Although this meta-analysis is suggestive, it In Experiment 2, a similar negative correlation is not definitive, since the prior studies also was found at the by-phrase, e.g., ''by the povaried greatly in the degree of contextual sup-lice'' (R Å 0.57, F(1,12) Å 5.28, p õ .05). port for the relative clause. Indeed, all of the (One item was excluded from this analysis studies that showed rapid effects of context because the verb occurred only once in the have also been argued to have more strongly corpus.) A reliable negative correlation indibiasing contextual information.
cates that processing difficulty was less for In addition, MacDonald et al. (1994b) pre-items with higher participle frequency. It is sented a correlational analysis of the sentence likely, however, that these relatively weak completion results reported in Spivey-Knowl-correlations underestimate effects of participle ton et al. (1993) . MacDonald et al. found that frequency, since the overall frequency of a across different items in the Spivey-Knowlton verb was not taken into account. A verb that et al. study, the participle frequency of a verb occurs more often in the language should, by correlated positively with the probability that chance alone, have a higher participle frean ambiguous fragment (like ''The thief quency count. In attempt to correct this, correlations were also conducted on normalized searched . . .'') would be completed as a rela-participle frequencies, in which the log of the more effective when an ambiguous verb is high in participle frequency. participle frequency was divided by the log of the verb's overall frequency. quency on syntactic ambiguity resolution. Thus, it appears that when an ambiguous Subjects read syntactically ambiguous reverb has a relatively high participle frequency, duced relative clauses in which the semantic semantic constraints act immediately, and proproperties of the initial noun phrase strongly cessing difficulty is reduced. When an ambigsupported the relative clause alternative, as in uous verb has a relatively low participle frethe following example. quency, semantic constraints are less effective, and processing difficulty is increased.
3. The room searched by the police conUnfortunately, this interpretation suffers from tained the missing weapon. a problem like the one described for the MacTwo different groups of ambiguous verbs Donald et al. meta-analysis. In this analysis, were used to develop the stimuli. One group of the degree of semantic constraint across indiverbs had relatively high participle frequency vidual items was not controlled. Recall that counts in the Francis and Kucera (1982) word found correlations befrequency norms. These items were called tween processing difficulty and the degree to High-PP items. Another group had relatively which an individual item was a good Theme low participle frequency counts in the Francis of the verb (as estimated in a separate rating and Kucera (1982) word frequency norms. study). Indeed, stepwise regressions that in-These items were called Low-PP items. clude both the degree of semantic fit and partiIf lexical frequency affects syntactic ambiciple frequency were equivocal in their find-guity resolution, the initial effectiveness of the ings. Although the overall variance accounted contextual support for the relative clause for increases in the regressions, semantic fit should depend upon the participle frequency and frequency could not simultaneously ac-of the verb. Verbs with high participle frecount for statistically significant independent quency should behave like balanced verbs, portions of the variance. making available both the main clause and In sum, although there are strong theoretical relative clause alternatives. Thus, High-PP reasons to expect lexical frequency effects in items should show immediate effects of the syntactic ambiguity resolution, there is cur-semantic constraint, resulting in little or no rently only a small set of suggestive data in processing difficulty for the ambiguous resupport of this view. Moreover, these results duced relative. Verbs with low participle freeither could not control for the degree of con-quency should behave like unbalanced verbs, textual support of the relative clause or in-with the relative clause being the subordinate volved a methodology that combines produc-alternative. Thus, Low-PP items should show tion and comprehension. The present paper delayed effects of the semantic constraint, redescribes results that directly test the lexical sulting in increases in processing difficulty for predictions of the constraint-based approach the ambiguous reduced relative. to language comprehension. In two different
The presentation of the stimuli involved one reading time experiments, the semantic con-word at a time self-paced reading, in which straints supporting the relative clause alterna-the ambiguous verb (e.g., ''searched'') was tive were controlled as participle frequency presented separately from the word ''by'' (see was manipulated. The results confirm that syn-below for a full description). Single word selfpaced reading was used because prior work tactically relevant contextual constraints are suggests that the simultaneous presentation of relative clause and that the presence of a ''by'' may simply provide additional supthe verb and ''by'' may influence the availability of the relative clause alternative at the port for this alternative, independent of any individual lexical preferences of the verb. point of ambiguity Burgess, Tanenhaus, & Hoffman, 1994 ; Spivey-Thus, when the ''by'' is present, contextual constraints supporting the relative clause . For example, in two self-paced reading experiments, Burgess et al. can act immediately. The lexicalist framework requires that there be lexically varying (1994) had subjects read sentences similar to those in Trueswell et al., 1994 (e.g., ' 'The effects on syntactic ambiguity resolution, which hinge on the verb in the relative thief/room searched by the police was . . .''). In one experiment, the sentences were pre-clause. For these reasons, the present study manipulated participle frequency of the verb sented one word at a time. In the other, the same sentences were presented two-words at while excluding the parafoveal presence of the ''by.'' a time, with the verb and ''by'' presented together (e.g., ''[The room] [searched by]''). Method Burgess found immediate effects of thematic fit, just like those reported in Trueswell et al. Subjects (1994) , when the verb and the ''by'' were Fourteen subjects from the University of presented together, but not when they were Pennsylvania participated in the experiment. presented separately. Single word self-paced Subjects received extra course credit or were reading showed processing difficulty for the paid for their participation. The experiment relative clause regardless of whether the prelasted for about 30 min. All subjects were ceding noun was a good Agent or a poor native speakers of English. Agent. It was argued that the presence of the ''by'' (either parafoveally in unrestricted Materials reading or with a two-word window) provided probabilistic information supporting the relaSelection of verbs. Twenty verbs were selected for the experiment. All verbs were tive clause structure. In fact, the only studies in the literature that have effectively elimi-morphologically ambiguous between the passive participle and past tense. Each verb nated processing difficulty with reduced relatives have been those that combined a strong either had a relatively high frequency count for occurring in the participle form (Highcontextual constraint with the parafoveal presence of the ''by'' Spivey-PP verbs) or had a relatively low frequency count for occurring in the participle form . None of the studies showing delayed effects (Low-PP verbs). Verbs were selected and categorized into these two groups by using of context had consistent parafoveal support (i.e., Britt, Perfetti, Garrod, & Rayner, 1992; the procedure described below.
Sixteen of the 20 verbs were selected from Ferreira & Clifton, 1986; Rayner, Carlson, & Frazier, 1983 ; Rayner, Garrod, & Perfetti, a set of ambiguous verbs that had been used in a semantic rating study conducted by McRae, 1992) .
While the Burgess et al. result implicates MacDonald, Pearlmutter, Spivey-Knowlton, and Tanenhaus (see Tabossi et al., 1994) . All availability of the relative clause as contributing to the resolution process, it does not verbs in the set had an overall frequency count of more than 20 (Francis & Kucera, 1982) . determine whether availability is structurally or lexically based. It is possible that Low frequency verbs were not used because they are likely to have unreliable participle structural frequency (the frequency of the relative clause structure) is the only infor-frequency estimates. For each verb, its participle frequency count was compared to its overmation determining the availability of the Pairing of verbs with nouns. Each of the 20 verbs was paired with a noun that has semantic properties supporting a relative clause interpretation (i.e., a noun that is both a good Pa-Appendix 2 contains the typicality ratings for tient/Theme and a poor Agent of the verb). the noun-verb pairs. Animacy is often proposed as a semantic feaPreliminary sentence completion study. A ture that may be relevant to the resolution of pencil-and-paper sentence completion study the relative clause ambiguity. For this reason, was initially conducted to determine whether an equal number of animate nouns (three) was a verb's estimated participle frequency influused in each verb group. All the nouns were ences relative clause/main clause preferences selected based on the results of the semantic in an ''off-line'' sentence generation task. Ten rating study mentioned above or a second subjects participated in the study and did not identical study conducted by the author. Sub-participate in the subsequent reading-time jects rated the typicality of the Patient/Theme study. relation for verb-noun pairs, by answering a
The 20 noun-verb pairs appeared in senquestion like ''On a scale from 1 to 7, how tence fragments that were syntactically ambigcommon is it for a room to be searched by uous between a relative clause and a main someone? (1 Å very uncommon, 7 Å very clause interpretation, as in the example. common).'' Subjects made similar ratings for the Agent relationship (''How common is for 4. The room searcheda room to search someone or something?'').
The average Agent and Patient/Theme typi-Subjects were instructed that each fragment was to be completed grammatically with the cality ratings for the verb groups (High-PP and Low-PP) and their standard deviations ap-first thing that came to mind. Subjects were not to skip fragments or go back and change pear in Table 1 . Nouns were selected so that the semantic constraints (as quantified by the their completions. The 20 target fragments were randomly embedded in a set of 60 disratings) did not differ significantly between the two groups. All nouns were poor Agents tractor fragments of various constructions and lengths. To avoid unwanted subject bias and good Patient/Themes. The ratio of participle frequency to overall frequency and stan-or strategies, 10 of the distractor items contained inanimate nouns appearing in the subdard deviations also appear in the table. Verb frequency information for each of the 20 verbs ject position of a main clause fragment (e.g., ''The toaster burned the-''). Ten other disappears in Appendix 1. Overall, the two verb groups did not differ in their average overall tractor items contained the same syntactic category sequence as the targets (determinerfrequency or past tense frequency, but did differ significantly in their participle frequency. noun-ambiguous verb), except the noun-verb pair biased a main clause (e.g., ''The (10 of these contained inanimate subjects).
Within a presentation list, 10 target items were man liked-'').
Subjects always completed the target frag-High-PP items and 10 target items were Low-PP items. For each of these verb types, 5 items ments as either a main clause or a relative clause, and the mean percentage of relative were Reduced relatives and 5 were Unreduced. Reduced and Unreduced conditions clause completions was computed. Fragments containing High-PP verbs were completed as were exchanged across the two lists to ensure a complete design in which no item was seen relative clauses 71% of the time. Fragments containing Low-PP verbs were completed as twice by the same subject. Target items were initially constructed and assigned to a condirelative clauses 44% of the time. Subject and item means were entered into two separate tion such that average word length and average frequency of the head noun of the ''by''-ANOVAs with Verb Type (High-PP, Low-PP) as a factor. The difference between the phrase (e.g., ''police'') were approximately equal across conditions. Each test sentence two Verb Types was significant (F1(1,9) Å 16.36, p õ .01; F2(1,18) Å 7.52, p õ .05). was followed by at least two distractor sentences. Each subject was presented with 5 pracThus, as expected, subjects generated significantly more relative clauses for ambiguous tice sentences and one of the two lists. fragments containing a verb with a high partiProcedure ciple frequency compared to ambiguous fragments containing a verb with a low participle
The moving-window self-paced-reading technique was used (Just, Carpenter, & Woolfrequency.
Target sentences and design. For each ley, 1982) . At the beginning of each trial, the entire text was displayed on a computer noun-verb pair, target sentences were generated, as in Example 5 below.
screen, with each character (except spaces) covered by a single hyphen (-). The subject 5. a. The room searched by the police con-then pressed a key marked SCROLL to untained the missing weapon.
cover and read the first word. With each press b. The room that was searched by the of the SCROLL key, the next word in the police contained the missing weapon.
sentence was revealed and the previous word was replaced with hyphens again. This was All target sentences contained a noun phrase (e.g., ''The room''), a verb (''searched''), a repeated until the end of the sentence. Subjects pressed the SCROLL key with the index finger ''by''-phrase explicitly introducing an Agent (''by the police''), and a main clause verb of their dominant hand. All sentences fit on one line of the monitor. Reaction times were phrase (''contained the . . .''). The self-paced reading experiment had two critical factors: collected for the reading of each word in each target sentence. After each sentence, a yes/no Verb Type and Clause Type. Verb Type was a between-item factor indicating whether the comprehension question was displayed on the screen and the subject responded by pressing a ambiguous verb had a high or low participle frequency (High-PP or Low-PP). Clause Type YES or NO key. Subjects were given feedback concerning whether their answer was correct. was a within item factor indicating whether the sentence contained a reduced or unreduced rela-The subject was seated approximately 72 cm from the monitor (although this distance was tive clause (Reduced or Unreduced). The complete set of materials appears in Appendix 2. not controlled), and the visual angle for each character was approximately 22 min arc. Two presentation lists were constructed by randomly combining the 20 target sentences The stimuli were presented using an IBM compatible personal computer equipped with with 60 distractor sentences. Distractor sentences contained a variety of sentence types a monochrome monitor and the Micro-Experimental Laboratory (MEL) software distribincluding main clauses with past tense verbs uted by Psychology Software Tools, Inc. The together to create four sentence regions: the initial noun phrase (''The room''), the verb monitor was set to a text mode of 80 characters per line. The TEXT self-paced reading (''searched''), the disambiguating by-phrase (''by the police''), and the first two words of package of MEL was used. The original TEXT code for moving-window self-paced the matrix verb (''contained the''). Figure 1 presents the reduction effects (reading times reading provides an accuracy of half the refresh rate of the monitor. Refresh rates are for the Reduced relatives minus reading times for the Unreduced relatives) for each sentence typically 1/60th of a second, resulting in approximately 8 ms of additional noise in re-region. Positive numbers reflect increases in processing difficulty for the ambiguous Response data. Before running this experiment however, the TEXT code was modified so that duced relative. As can be seen in the figure, reduced relatives containing a verb with a high it provided 1-ms accuracy in recording responses to the visual stimuli. All subjects scored better than 80% correct on the comprehension questions. Table 2 presents average self-paced reading times to the first eight word positions for each of the four conditions. Within each word position, reading times beyond 2.5 SD of the mean for each subject were adjusted to 2.5 SD, affecting less than 3% of the data. Reading times to ''that was'' were not included in the analysis.
Single word reading times were summed 3 It is relatively easy to provide 1-ms accuracy to visual displays by using MEL's WaitTop command. Please contact Psychology Software Tools directly for instructions on how to use this command (info@pstnet.com). The  FIG. 1 . Mean reduction effects in milliseconds (reading times for reduced relatives minus reading times for unrechange to the code ensures that the response timer begins just before the computer is to redraw the computer screen duced relatives) summed across words for each region (Experiment 1). with a new visual stimulus.
Reduced relatives containing a verb with a
The matrix verb phrase. No significant differences were found for this region. low participle frequency (Low-PP items) showed increases in difficulty in the disambigDiscussion uating by-phrase region, despite the presence The experiment revealed that lexical freof semantic constraints that supported a rela-quency plays an important role in syntactic tive clause interpretation. ambiguity resolution. When subjects read reFor each sentence region, subject and item duced relative clauses preceded by contextual means were entered into separate analyses of information supporting this alternative, provariance (ANOVAs) having two factors: Verb cessing difficulty was eliminated for verbs Type (High-PP, Low-PP) and Clause Type with high participle frequency but not for (Reduced, Unreduced). All analyses of vari-verbs with low participle frequency. The low ance of reading time data in this paper are participle frequency items showed significant conducted on reading times adjusted for string increases in reading time despite the presence length. Reading times for each subject were of semantic constraints supporting the relative entered into a separate regression analysis clause alternative. with reading time as the dependent variable
The high participle frequency items showed and string length as the independent variable no increases in reading time in any region of (see . Residual reading the reduced relative clause. This is the first times were computed and used in the AN-time that processing difficulty has been elimi-OVA. The results of these analyses are pre-nated for the relative clause without the word sented below. (Because string length was con-''by'' being present parafoveally at the ambigtrolled in the experiment, the statistical pat-uous verb. Previous studies that have maniputerns were similar between analyses of lated the presence of the ''by'' indicate that unadjusted and residual reading times.) the ''by'' increases the availability of the relaThe initial NP (''The room '') . No signifi-tive clause, allowing for immediate effects of cant differences were found for this region.
context Spivey-KnowlThe verb (''searched'') . At the ambiguous ton et al., 1993). The present experiment demverb, reading times to High-PP verbs were onstrates that verb-specific lexical frequencies slightly longer than Low-PP verbs, resulting also increase the availability of the relative in an effect of Verb Type that was significant clause and do not require additional parafoin the subject analysis but not the item analysis veal support from the ''by.'' (F1(1,13) Å 9.85, p õ .05, F2(1,18) Å 2.49).
These conclusions depend upon the asThe disambiguating by-phrase. At the by-sumption that it is the semantic information phrase, an interaction occurred between Verb of the initial noun that is helping eliminate Type and Clause Type (F1(1,13) Å 5.38, p õ processing difficulty. It is possible, for in-.05; F2(1,18) Å 4.77, p õ .05). Reading times stance, that High-PP verbs on their own elimito reduced relatives were on average 70 ms nate processing difficulty for reduced relalonger than unreduced relatives, resulting in a tives, regardless of contextual constraints. reliable effect of Clause Type (F1(1,13) Å This explanation does not require that seman-9.70, p õ .01; F2(1,18) Å 4.65, p õ .05). tic information play a role in initial proHowever, the effect of Clause Type was car-cessing. To confirm that this was not the case, ried by the low participle frequency verbs a second experiment was conducted in which (Low-PP items), which showed a reliable 141-local semantic information supported the main ms difference between their Reduced and Un-clause alternative. reduced conditions (F1(1,13) A self-paced reading experiment was conducted using materials similar to those in Exand Unreduced relatives (Fs õ 1). periment 1. The nouns of the target sentences were replaced with good Agents and the matrix verb phrase was changed for some items were replaced with nouns that are good Agents, as in Example 6.
to make it continue sensibly with the new subject. An example item appears in Example 6 6. a. The thief searched by the police had above, and Appendix 3 contains a list of the the missing weapon. materials. b. The thief who was searched by the Preliminary sentence rating. The nounpolice had the missing weapon.
verb pairs were used in separate Agent TypiIt was predicted that processing difficulty cality and Patient/Theme Typicality rating ought to occur for reduced relatives, regard-studies to determine the degree of thematic less of verb frequency. For Low-PP items, the fit of each noun (see the materials section of verb should initially make available only the Experiment 1 for a description of the rating main clause alternative. The semantic infor-procedure). In general, the nouns were rated mation should support this alternative, re-as very good Agents and somewhat good sulting in increased processing difficulty for Themes. The nouns for the High-PP verbs had the reduced relative. For High-PP items, the a mean Agent rating of 5.8 and a mean Patient/ verb should initially make available both the Theme Rating of 3.9. The nouns for the Lowrelative clause and main clause alternatives. PP verbs had a mean Agent rating of 6.1 and The semantic information should support the a mean Patient/Theme Rating of 4.2. An analmain clause, also resulting in processing dif-ysis of variance on the Agent ratings revealed ficulty. Despite the availability of the relative that the difference between High-PP and Lowclause, contextual information will be sup-PP items was not significant (F1(1,13) Å 2.88; porting the equally available main clause al-F2(1,18) Å 0.64). The same analysis on the ternative. It is likely, however, that overall Patient/Theme ratings revealed that the differprocessing difficulty for reduced relatives will ence between High-PP and Low-PP was sigbe less for High-PP items, since the relative nificant in the subject analysis but not the item clause will at least be partially active during analysis (F1(1,13) Å 7.59; p õ .05; F2(1,18) the resolution process.
Å 0.22). The fact that the nouns for the LowIf it is the case that High-PP verbs them-PP items may be somewhat better Patient/ selves eliminate processing difficulty for re-Themes than the nouns for the High-PP items duced relatives, we should instead see a pat-does not confound the predictions of the study. tern identical to the one found in the previous Nouns that are better Patients/Themes should experiment. Low-PP items should show in-speed the recovery from difficulty for Lowcreases in reading time for reduced relative PP items. The participle frequency differences clauses compared to the unreduced relatives, make the opposite prediction: High-PP items but High-PP items should show no increases should be the ones showing faster recovery in processing difficulty for the reduced rela-from local increases in difficulty. tives compared to the unreduced relatives.
Procedure Method
The procedure was the same as that used Subjects in Experiment 1. Eighteen students from the University of Results Pennsylvania participated in the experiment All subjects scored better than 80% correct for extra course credit.
on the comprehension questions. Table 3 preMaterials sents the average self-paced reading times to the first eight word positions for each of the The materials and design were the same as those in Experiment 1, except that the nouns four conditions. Within each word position, reading times beyond 2.5 SD of the mean for uous Reduced relative. As can be seen in the figure, both High-PP and Low-PP items each subject were adjusted to 2.5 SD, affecting showed increases in processing difficulty in less than 3% of the data.
the disambiguating by-phrase region of the As in Experiment 1, single word reading relative clause. In the next region, Low-PP times were summed together to create four items continued to show processing difficulty sentence regions: the initial NP (''The thief''), for reduced relatives compared to unreduced the verb (''searched''), the disambiguating relatives, whereas High-PP items showed little by-phrase (''by the police''), and the first two or no processing difficulty. words of the matrix verb (''had the''). Figure  For each sentence region, subject and item 2 presents the reduction effects (reading times means were entered into separate ANOVAs for the Reduced relatives minus reading times having two factors: Verb Type (High-PP, for the Unreduced relatives) for each sentence Low-PP) and Clause Type (Reduced, Unreregion. Again, positive numbers reflect induced). The results of these analyses are precreases in processing difficulty for the ambigsented below.
The initial NP (''The thief'')
. No significant differences were found for this region.
The verb (''searched'') . No significant differences were found in this region.
The disambiguating by-phrase. Reading times to Reduced relatives were on average 76 ms longer than Unreduced relatives, resulting in a main effect of Clause Type (F1(1,17) 1) . In addition, a small difference between High-PP and Low-PP items was significant in the subject analysis but not the item analysis (F1(1,17) Å 5.74, p õ .05, F2 õ 1).
FIG. 2. Mean reduction effects in milliseconds (reading
The matrix verb phrase. At the verb phrase, times for reduced relatives minus reading times for unrean interaction occurred between Verb Type duced relatives) summed across words for each region (Experiment 2).
and Clause Type (F1(1,17) Å 4.93, p õ .05 ; F2(1,18) Å 4.81, p õ .05) . Reading times to prior work, longer reading times for a syntactically ambiguous phrase were taken as evireduced relatives were on average 54 ms longer than unreduced relatives, resulting in a dence for a syntactic reanalysis, or gardenpath effect. Somewhat smaller increases in main effect of Clause Type (F1(1,17) Å 7.99, p õ .05; F2(1,18) Å 7.41, p õ .05). However, reading time were also interpreted as syntactic reanalyses and were sometimes called unconthe effect of Clause Type was carried by the low participle frequency verbs (Low-PP scious garden-paths. The experimental results presented here and the regression analyses deitems), which showed a reliable 99-ms difference between their Reduced and Unreduced scribed in the introduction suggest that processing difficulty for syntactic ambiguity lies conditions (F1(1,17) Å 9.73, p õ .01; F2(1,9) Å 7.47, p õ .05). In contrast, High-PP items on a continuum and cannot be entirely attributed to revision effects. This is further supshowed no difference between Reduced and Unreduced relatives. (Fs õ 1) .
ported by recent studies that have used correlational analysis to relate degree of difficulty Discussion with continuous variables (see Tabossi et al., 1994 ; Trueswell, TanenIn this experiment, subjects read ambiguous reduced relative clauses in which the meaning haus & Kello, 1993). Thus, processing difficulty patterns may be best characterized as of the initial noun supported the main clause alternative (i.e., it was a good Agent). As ex-ambiguity effects within a parallel framework, just as they have been characterized for lexical pected, reading times to reduced relatives increased for verbs with low and high participle ambiguities (e.g., Duffy et al., 1988) . This approach allows one to make more fine-grained frequencies. The fact that High-PP items showed increases in reading time indicates predictions concerning ambiguity resolution in language comprehension. Longer reading that the presence of a high participle frequency verb cannot on its own eliminate processing times for ambiguous phrases occur when there is strong conflict between the constraints supdifficulty in a reduced relative clause.
In addition, the resolution of the ambiguity porting one alternative over another. It is likely that ''true'' reanalysis effects can occur effect was reliably faster for High-PP items compared to Low-PP items. This suggests that for both syntactic and lexical ambiguities, but these effects depend upon the time course with the relative clause alternative was at least partially available for the High-PP items and that which the system has received information supporting the correct interpretation. Strongly this information was used by the system to produce the correct interpretation. Thus, for biasing information in support of an incorrect interpretation may cause the comprehension High-PP items, both alternatives were available, but the contextual information supported system to settle into the incorrect alternative relatively early. Receiving disambiguating inthe (incorrect) main clause alternative. Low-PP items showed even greater increases in formation in this case may require the system to recover an inactive representation, resulting processing difficulty because in addition to having contextual information supporting the in even greater increases in reading times. incorrect alternative, the Low-PP verbs were GENERAL DISCUSSION unable to assist in initially computing the correct interpretation.
The results confirmed that the participle frequency of an ambiguous verb plays an imThe distinction made here between different degrees of processing difficulty for Low-PP portant role in resolving the reduced relative clause ambiguity. When semantic information and High-PP items highlights an important methodological consideration about how to supported the relative clause alternative (Experiment 1), contextual information acted imbest interpret increases in reading times in sentence comprehension experiments. In most mediately to eliminate difficulty for verbs with high participle frequency but not for verbs tic environments (see MacDonald et al., 1994a; . Conwith low participle frequency. When semantic information supported the main clause alterna-textual information that supports a particular structure is expected to have immediate eftive (Experiment 2), local processing difficulty occurred for both verbs, but the resolu-fects when lexical information also supports the alternative. For the relative clause/main tion of the ambiguity effect was faster for verbs with high participle frequency.
clause ambiguity, it was predicted that a verb's participle frequency would be one The effects mirror those found for processing semantically ambiguous words in con-source of lexical information that influences the availability of the otherwise subordinate text. When the left context of a semantically ambiguous word supports the appropriate relative clause alternative. The overwhelming structural frequency asymmetry in support of meaning (as determined by the upcoming right context), local increases in reading time occur the main clause was expected to be moderated for verbs with high participle frequency, such when the context supports a subordinate meaning. No increases are found when the that these verbs should behave like balanced verbs, equally supporting both alternatives. context supports one meaning of a word with two equally frequent meanings (Duffy et al., The results confirmed this prediction, since contextual information in support of the rela-1988; see also Sereno et al., 1992) . This is similar to the pattern found in Experiment 1 tive clause had rapid effects for only these verbs. of this article. When the left context supported the relative clause alternative, local increases From the perspective outlined above, one would expect a similar pattern of contextual in reading time occurred for verbs for which the relative clause was the subordinate alterna-and lexical interactions to hold for a range of ambiguities, concerning those lexical dimentive (Low-PP items) but not for verbs for which the relative clause and main clause were sions relevant for resolving each particular ambiguity. An inspection of the recent literaexpected to be equally available (High-PP items). Experiment 2 found that when the left ture confirms this (e.g., Boland, Tanenhaus, Garnsey & Carlson, 1995; Britt, 1994 ; Spiveycontext supported the (eventually inappropriate) main clause alternative, processing diffi- . For instance, both Britt (1994) and Spivey-Knowlton and Sedivy culty occurred for both types of verbs, but was less severe for the High-PP verbs. Previous (1995) found that the resolution of prepositional phrase attachment ambiguities (e.g., work on lexical ambiguity resolution has not examined this particular situation. A corre-''Bill dropped/put the book on the civil war . . .'') are influenced by both contextual consponding experiment would involve the reading of an ambiguous word in an environment straints and verb argument preferences. Although Britt (1994) argues for the limited use in which the left context supports one meaning and the right context supports another mean-of contextual information, both sets of results are consistent with an account in which coning. The results from Experiment 2, however, are consistent with the notion that the reading textual constraints interact with the availability of verb argument structures (see Spiveyof a balanced word makes available in parallel both alternative meanings. . Similarly, Boland et al. (1995) examined the effects of thematic Taken together, the results support the constraint-based lexicalist approach to sentence fit on long-distance dependencies and found that thematic constraints are most effective processing, which predicts that lexical and syntactic ambiguity resolution involve similar when a verb makes available the relevant argument structure information. mechanisms. As outlined in the introduction, syntactic ambiguities emerge from the probaThe effects of argument structure information suggest that complex interactions may bilistic properties of verbs in different syntac-arise between multiple lexical properties of form of some verbs, they never occurred for the main clause sentence completions of the verbs. One important consideration for the present research is the relationship between verbs reported here. Thus, it is likely that this type of preposition supported the relative tense and argument structure. has noted that transitivity preferences clause equally for both transitive-and intransitive-biased verbs in the reading experiments are also likely to play a role in resolving the relative clause ambiguity. A prepositional reported here. It should be possible to uncover the varying contributions of tense and arguphrase that extends the relative clause ambiguity tends to be taken as evidence for the rela-ment structure by directly manipulating prepositional phrases from being highly consistent tive clause alternative when the verb is transitive-biased (e.g., ''The cattle pushed into the to highly inconsistent with the intransitive use of a particular verb. Indeed, MacDonald pen were afraid . . .'') but not when the verb is intransitive-biased (e.g., ''The cattle moved (1994) has found that different types of postverbal modifiers have differing effects on the into the pen were afraid . . .''), as evidenced by increased reading times at ''were afraid'' resolution process. The experiments, however, were not designed to examine the contribution for the intransitive-biased items. This suggests that readers were sensitive to the fact that a of both participle frequency and transitivity.
Predictions concerning the use of multiple prepositional phrase following a transitive-biased verb tends to be inconsistent with the lexical constraints arising from the intersection of several lexical items can be derived main clause alternative.
Transitivity and participle frequency, how-from the constraint-based lexicalist approach. However, this raises two important issues that ever, are partially correlated in the language, such that intransitive-biased verbs have lower will need to addressed in future research. First, computational models of on-line sentence proparticiple frequencies. This is because the intransitive use of a verb cannot occur in a pas-cessing will need to be implemented within a framework that takes advantage of the statistisive form (e.g., ''The man cheered''). Thus, it becomes difficult to distinguish contribu-cal properties of individual lexical items and their syntactic contexts. There are now a numtions of participle frequency and transitivity to the resolution of the relative clause. It is ber of connectionist projects underway that use this approach (e.g., Juliano & Tabor, 1995 ; possible to untangle the source of these effects, however. For instance, there is evidence Pearlmutter, MacDonald, Daugherty, & Seidenberg, 1993) . As has been suggested by that transitivity preferences played a smaller role in the results reported here. The sentence these researchers, this work provides a better understanding of which aspects of the linguiscompletion fragments used to prepare the materials for Experiment 1 did not contain prepo-tic input are reliable enough to emerge as constraints for on-line sentence processing. Projsitional phrases (e.g., ''The room searched . . .''). Yet, High-PP items showed increased ects focusing on the learning of phonological and morphological information have yielded use of the relative clause compared to Low-PP items. Since no information was provided similar results and have helped reveal how lexically specific information may be encoded after the verb that could be consistent or inconsistent with the main clause transitive use (e.g., Daugherty & Seidenberg, 1992; Plaut et al., 1996; Seidenberg & McClelland, 1989) . of a verb, these results are likely to be due to participle frequency and not transitivity. In
Similarly, it will be important to examine the role that nonsyntactic lexical information addition, the sentences from the reading studies contained ''by''-phrases that explicitly in-plays in the interpretation process. The focus so far has been on the syntactic properties of troduced an Agent (e.g., ''The room searched by the police was . . .''). Although ''by''-verbs and their arguments. This stems from a tradition in the sentence processing literature phrases can sometimes be used after the active to assume that a fully specified syntactic struc-of representations. The correlation that exists between verb argument structure and the seture is an explicit subgoal of the interpretation process. Although syntactic information is un-mantic similarity of verbs (e.g., Fisher, Gleitman & Gleitman, 1991) makes it likely that doubtedly an important aspect of the interpretation process, the incremental nature of inter-verb-specific semantic information will pertain to the results reported here. In addition, pretation makes it likely that a range of semantic properties and even discourse functions are this aspect of the lexicalist approach will be relevant for understanding the processes unassociated with lexical items and are encoded in a probabilistic fashion. The relationship be-derlying the rapid use of thematic information (e.g., Tabossi et al., 1994; , tween lexically specific syntactic information and this nonsyntactic information is likely to 1994) and referential context (e.g., Tanenhaus, Spivey-Knowlton, Eberhard & Sedivy, 1995) . alter how researchers conceive of both types APPENDIX 1: PROPERTIES OF VERBS
The following is a list of the verbs used in Experiment 1 and 2. The list is divided by verb type. The first 10 items are verbs with low participle preferences (Low-PP). The next 10 items are verbs with high participle preferences (High-PP). For each verb, the following information is provided: The overall frequency (base), the past tense frequency (vbd), the participle frequency (vbn), and two different normalized participle frequency measures (vbn/base and log(vbn)/log(base)). 
